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EXPERIMENTAL EVALUATION OF INTERNAL CONDENSATION 
OF REFRIGERANTS R·134a AND R·12 
ABSTRACT 
Dobson, M.K., J.C. Chato, D.K. Hinde, S.P. Wang* 
Air Conditioning and Refrigeration Center 
Department of Mechanical and Industrial Engineering 
University of lllinois at Urbana-Champaign 
*Chemical Engineering Research Institute 
South China University of Technology 
Guangzhou, PRC 
Experimental and analytical work has been performed on local heat transfer for in-
tube condensation of pure R-134a and R-12. The data were taken in a 4.57 mm (0.18 in) 
ill smooth copper tube of 2.90 m (9.5 ft) length. The test section was cooled by two 
counterflow water circuits, each covering half of the test-section length. Sight glasses of 
the same diameter as the test section were located at the inlet and outlet of the test section 
for visual flow regime observations. Data were taken with test conditions in the following 
ranges: mass flux, 75-500 kglm2-s (55,000-365,000 Ibm/ft2-hr), saturation temperature, 35 
and 60°C (95 and 140 OF); average quality, 10-90%; heat flux, 4-15 kW/m2 (1268-4756 
Btu/hr-ft2). The observed flow regimes were wavy at low mass flux and quality, 
progressing sequentially through the wavy-annular, annular, and mist-annular flow 
regimes as the mass flux and quality were increased. The data for pure refrigerants in the 
wavy flow regime were successfully correlated with a modified Nusselt-type approach, and 
exhibited no mass flux dependence. The annular flow data were successfully correlated 
based on an analogy between heat and momentum transfer. 
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INTRODUCTION 
Recent legislation aimed at phasing out chIoro-fluorocarbons (CFCs) has combined 
with increasingly strict energy standards for refrigeration equipment to intensify research in 
heat exchanger design for refrigeration applications. One of the first refrigerants to be 
phased out by the Montreal Protocol is R-12, and a consensus has emerged that its 
replacement will be the hydrofluorocarbon R-134a. The conversion of domestic 
refrigerators and mobile air-conditioners from R-12 to R-134a will require reliable data 
concerning relative performance of the two refrigerants in the various components of 
refrigeration systems. This paper describes a study to compare the condensation heat 
transfer coefficients of the two fluids. 
Analytical and experimental study of condensation heat transfer dates back to 
Nusselt's pioneering analysis [1916] of condensation on a vertical plate under the action of 
gravity with negligible vapor shear. Nusselt's basic approach involved solving the 
continuity, momentum, and energy equations under a number of simplifying assumptions. 
Many researchers have followed the same basic approach for external condensation, 
relaxing the assumptions of Nusselt's analysis. 
Chato [1962] derived a result similar to Nusselt's for stratified, laminar 
condensation inside a circular tube under negligible vapor shear: 
[ 3, ]0.25 Nu = 0.555 gPL (PL - Pv)D h Iv 
III (T SAT - T S )kl 
(1). 
The primary assumptions allowing the simplified form deduced by Chato was that the heat 
transfer in the bottom of the tube was negligible compared to that in the upper portion of the 
tube, and that the void fraction (and hence the interfacial area) did not vary significantly 
with quality. Jaster and Kosky [1976] suggested that improved accuracy could be realized 
by accounting for the variation of the void fraction. Their correlation can be arrived at by 
replacing the constant 0.555 in Chato's original equation by 0.728 UO.75, and they 
suggested using Zivi's correlation [1964] for u. 
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Rosson and Myers [1965] developed a correlation which they recommended for use 
in the intermittent flow regime, which in their terminology includes the slug, plug, and 
wavy flow regimes. They measured the heat transfer coefficient around the circumference 
of the tube. They developed separate correlations for the top of the tube, where they 
hypothesized Nusselt type film condensation with superimposed effects of vapor shear, 
and the bottom of the tube, where they hypothesized forced convective heat transfer. To 
compute a circumferentially averaged heat transfer coefficient, they presented charts for 
determining the angular location where the heat transfer mechanism changed. 
The majority of analytical and experimental condensation work has been completed 
for the annular flow regime. Among the more theoretical correlations which is widely 
quoted is that of Traviss et al. [1973]. The most significant assumptions in the Traviss 
analysis are: (1) that the universal velocity distribution which was developed for steady, 
single phase pipe flow is applicable to the annular liquid film, (2) that the eddy diffusivity 
of heat and momentum are equal (Prt=I), (3) that shear forces overwhelm gravity forces so 
that the annulus is concentric, and (4) that no liquid is entrained in the core flow. The 
result of these assumptions is a correlation which predicts a Nusselt number based on the 
turbulent length scale (based on an unknown wall shear stress) as a function of liquid 
Reynolds number and Prandtl number. For closure, Traviss utilized Soliman's version of 
the Lockhart-Martinelli correlation for pressure drop. Although Traviss reported good 
correlation with their own data for R-22, some researchers have since suggested that much 
of their data might have been in the mist annular flow regime, violating the assumption of 
negligible liquid entrainment in the core flow. This suggests that their correlation might 
overpredict data in the annular flow regime without entrainment, the situation they set out to 
model. 
Another useful correlation for the annular flow regime is that of Chen et al. [1987]. 
Their general correlation is for vertical annular flow, but can be simplified for horizontal 
flow. The basic form of the correlation is patterned after that of Soliman, and predicts that 
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the Nusselt number is proportional to the square root of the wall shear stress times a liquid 
Prandd number correction. It is noteworthy that the correlation, which is semi-empirical, is 
similar to the more theoretical Traviss correlation. For closure, Dukler's pressure drop 
correlation was used. The resulting form which is valid for horizontal annular flow can be 
simplified as follows: 
Nu = 0.018 Jlv PL ReO.20[Re _ Re ]0.70 Pr°.65 ( ) 0.078 ( )0.39 
JlL Pv L. LO L L (2). 
Other correlations which are widely applied to the annular flow regime are those of 
Shah [1979] and Cavallani and Zecchin [1974]. Shah's correlation is purely empirical, and 
claims to be valid for any flow regime. The correlation of Cavallini and Zecchin is semi-
empirical. Both have been used with a number of working fluids. 
To know when to apply the various condensation correlations, it is necessary to 
predict what flow regime is expected to prevail at a given set of operating conditions. 
Much research has been conducted in this area, with varying degrees of complexity and 
success. A simple and successful approach to this complex question which was developed 
specifically for condensation is that of Soliman [1982, 1986]. Soliman divided the 
condensation process into three flow-regimes: wavy and intermittent flow, annular flow, 
and mist-annular flow. He developed two different dimensionless parameters to 
characterize the wavy to annular transition and the annular to annular-mist transition. 
Soliman hypothesized that the wavy to annular transition was governed by a balance 
between inertia and gravity forces on the liquid film. This gave rise to a Froude number, 
Fr, whose definition is left to the reference since it is fairly involved [Soliman, 1982]. 
Experimental data indicated that the wavy to annular transition occurred approximately at 
Fr=7. For the annular to annular-mist transition, a second dimensionless group was 
formed whose numerator contained the forces tending to destruct the liquid film, vapor 
shear, and whose denominator was a combination of the forces tending to stabilize the film, 
liquid viscosity and surface tension. The result was a modified Weber number, We, whose 
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definition is also left to the referenced work [Soliman, 1986]. The author concluded that 
the annular to mist-annular transition occurred at We approximately equal to 30. 
Data were collected in this study for pure R -134a and pure R -12 over a wide range 
of mass fluxes and qualities. The data presented herein included data in the wavy, wavy-
annular, annular, and mist-annular flow regimes, although the majority of the data were in 
the wavy and annular regimes. The wavy flow were correlated with a modified Nusselt-
type approach, and exhibited no dependence on mass flux. The annular flow data were 
successfully correlated based on an analogy between heat and momentum transfer. 
EXPERIMENTAL APPARATUS 
The experimental apparatus was constructed to allow examination of heat transfer in 
a horizontal, single condenser tube. An overview of the equipment will be provided 
herein, while more detailed discussions are available in the theses of Bonhomme [1991] 
and Hinde [1992]. 
A schematic of the refrigerant loop is included in Figure 1. The refrigerant loop 
used a gear pump to circulate the refrigerant so that testing could be performed in an oil-free 
environment. The refrigerant was metered with a Coriolis effect flow meter which was 
factory calibrated with an uncertainty of 0.2% of the reading. The inlet conditions to the 
test-condenser were set with a 6 kW (20,500 Btulhr) preheater utilizing variac controlled, 
surface mounted electrical resistance heaters covered with a 50 mm (1.97 in) thick layer of 
fiberglass insulation. The power input was measured with a watt transducer with a factory 
specified uncertainty of 2% of the reading. The refrigerant was returned to a subcooled 
liquid state by two stages of cooling, the first stage taking place in the test-condenser as 
dictated by the heat flux for the experiment and the second stage occurring in a water cooled 
aftercondenser. Pressure in the loop was controlled with a bladder accumulator connected 
to a nitrogen bottle. Absolute pressure throughout the loop was measured by a number of 
strain-gage type pressure transducers with a range of 0-6,900 kPa (0-1000 psia). These 
transducers were calibrated with a dead-weight tester with a resulting uncertainty of 20 kPa 
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(2.9 psi). Temperatures throughout the loop were measured with type T thermocouples 
which were calibrated to within ±0.2 °C (0.36 OF) over a range of 0-80 °C (32-176 OF) 
using a thermostatic bath and NIST-traceable precision thermometers. 
The test-condenser was a 2.9 m (9.5 ft) long, 4.57 mm (0.18 in) ID smooth copper 
tube mounted horizontally with 100 mm (4 in) long sight glasses of matching ID mounted 
at the inlet and outlet for flow regime observation. Twenty-four type T thermocouples 
were mounted in horizontal grooves at ten axial locations along the length of the test-section 
for wall temperature measurement. Their spacing is indicated in Figure 2. The 
thermocouples were soldered into machined grooves, and the solder was filed and sanded 
flush with the tube surface to minimize any fin effects. Bulk fluid temperatures entering 
and exiting the test-condenser were measured with type T thermocouple probes which were 
also calibrated to within 0.2 °C (0.36 OF) using the thermostatic bath. Inlet pressure to the 
test-section was measured with a 0-2,100 kPa (0-300 psi) strain-gage type pressure 
transducer which was calibrated with an uncertainty of ± 7 kPa (1 psi). Pressure drop 
across the condenser was measured with a 0-105 kPa (0-15 psi) differential pressure 
transducer which was calibrated with an uncertainty of ±1 kPa (0.145 psi). The test-
condenser was cooled by two separate counterflow water circuits using concentric annuli 
with an outer diameter of 15 mm (0.6 in). Water temperatures were measured at the inlet 
and outlet of each circuit by direct contact, type T thermocouples with an uncertainty of 0.2 
°C (0-0.36°F). The water flow rates were measured with a bucket and stopwatch, 
providing an uncertainty of 0.5% in the worst case. The water circuits were insulated with 
a 50 mm (2 in) thick layer of foam insulation to minimize heat losses. 
Heat losses were measured and corrected for in two parts of the system: the 
refrigerant heater, and the test-condenser. Heat losses from the heater were measured 
during single phase liquid and vapor tests for each combination of mass flux and saturation 
temperature. For two-phase tests at the same mass flux and saturation temperature, the heat 
loss was inferred via linear interpolation between the liquid and vapor values based on the 
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quality exiting the heater. To quantify the heat loss from the cooling water circuits of the 
test-condenser, a series of single-phase tests at a variety of water to air temperature 
differences were conducted and regression analysis was used to determine an overall 
conductance (UA) value for the annulus and insulation. This UA value was then used to 
infer the heat loss during two-phase expereiments. 
Data collection was performed using a micro-computer and data acquisition system. 
A high-speed, eight-channel data acquisition board was used to measure absolute pressure 
and mass flow at a frequency of 20 kHz through the Nubus slot. The thermocouples, 
differential pressure transducer, and watt transducer were monitored at 0.1 Hz over the 
phone port. All measured parameters were output onto a graphical display in real time so 
that the system could be monitored for steady-conditions. 
The parameters which were controlled during experiments were the mass flux, 
saturation temperature, inlet quality, and wall to refrigerant temperature difference (for 
wavy flow conditions only). Data were continuously monitored, and were logged to a data 
file when monitored parameters reached their target values and steady-state conditions were 
obtained. Steady-state was assumed when the saturation temperature and water inlet and 
outlet temperatures varied less than 0.1 °C (0.18 OF). The allowable deviations from the 
target values were as follows: mass flux, 2%; saturation temperature, 0.5 °C (0.9 OF); and 
quality, 2%. Data were logged to the output file while the water flow rates were measured, 
usually for around 5 minutes. Data reduction and analysis were performed with a 
spreadsheet macro. Thermodynamic and transport properties of the refrigerants were 
obtained from REFPROPS 3.0, a computer program developed by the National Institute of 
Standards and Technology [Gaithersburg, MO]. 
RESULTS 
For each experiment, two heat transfer coefficients were computed corresponding 
to the two circuits of the test-condenser. The heat transfer rate for each of the circuits was 
computed as follows: 
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(3). 
With the heat transfer rate computed as defined by (3), the heat transfer coefficient was 
computed by: 
h = -----q:.......---
As * (TsAT -Ts) 
(4). 
The refrigerant temperature in Equation 4 was computed based on pressure by assuming a 
linear variation of pressure over the test-section length. This assumption was justified 
because the quality changes were normally small (around 10% to 20% per test section). 
Experimental conditions for the tests dec scribed herein are presented in Table 1. 
These conditions traversed a wide range of flow regimes. At the lowest mass fluxes 
(0=75 kg/m2-s or 55,000 Ibm/ft2-hr), wavy-flow was observed for all qualities as gravity 
forces dominated shear or inertial forces. As the mass flux was increased, a region of 
wavy-annular flow was observed wherein gravity and inertia forces were of comparable 
magnitude. As mass flux and/or quality were increased, the inertial forces dominated the 
gravity forces and a near-symmetric annular flow was established. At the highest mass 
fluxes and high qualities, annular-mist flow was observed. This flow regime was quite 
difficult to detect visually, since it was hard to see droplets in the vapor core through the 
liquid film. Since the liquid film thickness tended to vary temporally, though, there were 
times when the liquid film thinned to such an extent that the mist in the core flow was 
visible. The visual observation of annular-mist flow coincided approximately with a 
sudden decrease in the slope of the pressure drop versus quality graph. This phenomenon 
has been linked previously with the mist-annular flow regime transition [Chien and Ibele, 
1964]. 
Table 1 - Range of experimental parameters in the condensation test-section. 
Parameter R-134a R-12 
Mass Flux (kgfm2-s) 75,150,300,500,650 75,150,300,500 
Temperature (OC) 35,60 35 60 
Average Quality (%) 10-90 10-90 
Heat Flux (kW/m2) 4-15 4-15 
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The qualitative flow regime behavior discussed above is presented visually in 
Figure 3. Figure 3 is an experimentally determined flow regime map for R-134a at 35 DC 
(95 oF) on G-x coordinates. Different symbols are used for the wavy, wavy-annular, 
annular, and annular-mist flow regimes. Superimposed on the figure are three curves 
which attempt to delineate the various flow regimes. The Fr=7 line corresponds to 
Soliman's prediction of the wavy to annular transition, and is seen to predict the 
experimental data quite well. The We=30 line corresponds to Soliman's prediction of the 
annular to annular-mist transition, and agrees with the data reasonably well. It is expected 
that agreement on this transition would be less than perfect, given the high degree of 
difficulty associated with visually observing mist-annular flow. The Fr=18 line on Figure 
3 corresponds to our own estimate of the transition from wavy-annular flow to annular 
flow. The forces determining this transition are the same determining the wavy to annular 
transition, justifying the use of the Froude number for this purpose. It is seen that the 
Fr=18 line again does a good job of delineating the wavy-annular and annular regimes, 
especially considering the subjectivity of these classifications. 
Figure 4 shows the heat transfer coefficient versus mass flux for pure R-134a at a 
saturation temperature of 35 DC (95 OF) and wall to refrigerant temperaure difference of 2 to 
2.5 DC (3.6 to 4.5 OF). Three sets of data are included on the figure, corresponding to 
average qualities of 29%, 49%, and 70%. The data can be divided into two distinct 
regions, an annular flow region at high mass flux and a wavy flow region at lower mass 
fluxes. In the annular flow regime, the heat transfer coefficient is seen to increase with 
increasing mass flux and with increasing quality. At low mass fluxes (in the wavy flow 
regime), though, the heat transfer coefficient was independent of mass flux although it still 
increased with increasing quality. This is indicative of Nusselt type, gravity driven 
condensation. It is interesting to note that the heat transfer coefficient did not begin to 
increase with increasing mass flux until well after the transition to wavy-annular flow 
occurred. This can be explained physically as follows: the increase in mass flux increased 
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the heat transfer coefficient due to convective effects, although a corresponding decrease in 
conduction occurred because of thickening of the liquid film on the top of the tube (where 
the majority of the heat transfer occurs in wavy flow). In the wavy-annular region, at least 
for the conditions tested, it appears that these two mechanisms effectively cancelled each 
other until the annular flow regime was reached. 
The effect of quality on the heat transfer coefficient in the annular flow regime is 
demonstrated in Figure 5. The data in Figure 5 are annular heat transfer coefficients for 
both R-134a and R-12 at mass fluxes of 300 and 500 kg/m2-s (220,000 and 365,000 
Ibm/ft2-hr) across the range of quality. The heat transfer coefficients increased with 
increasing quality due to an increase in shear stress at the wall (recall the Chen correlation), 
and a thinning of the liquid film which decreases the conduction resistance. Based on 
linear regression of the data, the heat transfer coefficients at 50% quality were 17% higher 
for R-134a than R-12 at a mass flux of 300 kg/m2-s (220,000 Ibm/ft2-hr), and 24% higher 
at a mass flux of 500 kg/m2-s (365,000 Ibm/ft2-hr). This is similar to the average increase 
in condensing heat transfer coefficients of 25% reported by Eckels and Pate [1991] for the 
constant mass flux comparison. 
Figure 6 shows heat transfer coefficients versus average quality for R-134a and R-
12 at a mass flux of 75 kg/m2-s (55,000 Ibm/ft2-hr). The flow regimes for these tests was 
wavy across the range of quality. Note that the y-axis is heat transfer coefficient times 
temperature difference to the 0.25 power to correct for varying temperature differences 
among the tests (1.8-2.8 °C or 3.2-5.0 OF). This quarter-power dependence is predicted by 
the Chato correlation, and was found to apply to the data in this study. Again, the heat 
transfer coefficient increased with increasing quality, but not as dramatically as in the 
annular flow regime. In the wavy and stratified flow regimes, the predominant mechanism 
of heat transfer is conduction across the thin liquid film on the top and sides of the tube, 
with minimal heat transfer in the thick liquid pool at the bottom of the tube. As the qaulity 
increases, the void fraction increases, thinning the pool at the bottom of the tube and 
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making more area available for heat transfer. This effect is different than in the annular 
flow regime, where the film thickness is decreased uniformly around the periphery of the 
tube as the quality is increased. At equivalent quality, the wavy flow heat transfer 
coefficients for R-134a were approximately 7% higher than for R-12. This is quite close to 
the 12% increase which is predicted by the Chato correlation. 
Figure 7 shows the effect of saturation temperature on heat transfer coefficient for 
R-134a at saturation temperatures of 35 and 60°C (95 and 140 OF), both at a mass flux of 
500 kg/m2-s (365,000 Ibmlft2-hr). In general, the heat transfer coefficients were around 
15% higher at 35°C (95 oF) than at 60 °C (140 OF). There are two primary reasons for the 
decrease in has T increases: (1) a decrease in the density ratio, which results in lower slip 
velocities between the vapor and liquid phases, and (2) a decrease in the thermal 
conductivity. 
Based on the data in Figure 4, it is clear that separate correlations are necessary for 
the wavy and annular flow regimes. Two such correlations were developed for the data 
presented herein. For the wavy flow regime, the general form of Chato's correlaton was 
used, but the constant (0.555) was replaced with a function of the Lockhart-Martinelli 
parameter to account for the variation of void fraction with quality. This idea is similar to 
that presented by Jaster and Kosky [1976], except that examination of their correlation 
indicates that it predicts higher values than the Chato correlation over most of the quality 
range. Our data, conversely, indicated that the value of 0.555 stated by Chato was an 
asymptotic limit approached at high quality. The correlation which was developed is: 
Nu = f(Xtt)* [gPL (PL - Pv )D3h' Iv ]0.25 
J..i.1(TsAT - Ts)kl 
0.375 
where: f(XIT ) = X O.23 
IT 
(5). 
A plot showing the experimental and predicted values of f from Equation (5) is shown in 
Figure 8. The mean absolute deviation for the data was 8.9%, and nearly all of the points 
were predicted within ±15%. The R-12 and R-134a data are correlated equally well, 
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indicating no fluid dependence not accounted for by the thennophysical properties in the 
correlation. 
For the annular flow regime, many researchers have correlated convective 
evaporation data by assuming that the ratio of the two phase Nusselt number to the Nusselt 
number predicted by a single phase correlation (based on the superficial liquid Reynolds 
number) is exclusively a function of the Martinelli parameter. The theoretical basis for this 
hypothesis is based on a heat transfer to momentum transfer analogy, which is also 
assumed in more theoretical annular flow models when one assumes that the turbulent 
Prandtl number is a constant. Utilizing the single-phase correlation of Dittus-Boelter, 
regression analysis of our annular flow data yielded the following fonn: 
Nu = 0.023Re~·80 Pr~·3 g(XIT ) 
where: g(XIT ) = ~~~~5 
IT 
(6). 
The function g at the end of equation 6 represents the two-phase multiplier, and the values 
of the constant and the exponent are similar to values from convective evaporation 
correlations [Wattelet et al., 1992]. In fact, Equation (6) predicts a value ofNu that is 15% 
below the prediction of Wattelet's correlation at 30% quality, and only 6% higher at 90% 
quality. From 40% quality to 90% quality, the agreement between the two predictions is 
within ±6%. This suggests that the mechanism of heat transfer is similar for convective 
evaporation and condensation in the annular flow regime. Figure 9 is a plot of Nu/Nul 
versus Xtt, and demonstrates the ability of the proposed correlation to successfully predict 
annular flow condensation of both R-12 and R-134a. The mean absolute deviation of the 
proposed correlation was 7%. Of the other correlations mentioned in the introduction, the 
proposed correlaton predicts values closest to those of Chen, and lower than those of Shah, 
Traviss, and Cavallini. The mean and absolute deviations of the proposed correlation and 
the other annular flow correlations mentioned above are summarized in Table 2. The data 
in Table 2 shows that the correlations of Cavallini et al. [1974], Shah [1976], and Traviss 
et al. [1973] nearly always overpredicted the measured heat transfer coefficients. 
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Table 2 - Deviations of the proposed annular flow correlation compared to other 
correlations from the literature 
Correlation Mean Absolute Mean Deviation 
Deviation 
Equation (6) 7% +2% 
Chen et al. [1989] 13% +7% 
Cavallini et al. [1974] 18% +17% 
Shah [1976] 20% +19% 
Traviss et al. [1973] 31% +31% 
CONCLUSIONS AND RECOMMENDATIONS 
The following conclusions can be drawn from the data presented herein. 
I. Heat transfer coefficients for R -134a are on the order of 20% higher 
than those for R-12 in the annular flow regime based on an equivalent mass 
flux comparison. R-134a has around 10% higher heat transfer coefficients 
than R-12 in the wavy flow regime, and this comparison is valid for either 
constant mass flux or constant cooling capacity situations. 
2. The wavy to annular flow regime transition is successfully predicted by 
Soliman's Froude number approach. His Weber number prediction for the 
annular to annular-mist transition seems adequate, but is difficult to verify 
since this transition is hard to observe visually. A new prediction based on 
Soliman's Froude number successfully predicts the wavy-annular to annular 
flow regime transition. 
3. The heat transfer coefficient is independent of mass flux in the wavy flow 
regime. 
4. It appears that the mechanisms of convective evaporation and condensation 
are quite similar in the annular flow regime, and that a single convective 
correlation for condensation and evaporation may be possible. 
More work concerning the annular to annular mist flow regime transition would be 
helpful, as would a more objective method for determining this transition. It would also be 
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useful to study more rigorously the applicability or inapplicability of annular flow 
correlations in the mist-annular flow regime. 
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NOMENCLATURE 
Nu 
q 
TSAT 
Ts 
Two 
UA 
x 
specific heat at constant pressure 
tube inner diameter 
acceleration due to gravity 
heat transfer coefficient 
heat of vaporization 
liquid thermal conductivity 
mass flow rate 
h*D Nusselt number, --
kL 
liquid Prandtl number, JlL cp 
kL 
turbulent Prandtl number, eddy momentum diffusivity/eddy diffusivity of heat 
heat transfer 
superficial liquid Reynolds number, OD * (1- x) 
JlL 
liquid Reynolds number assuming all mass to be flowing as liquid, OD 
JlL 
saturation temperature 
surface temperature of tube wall 
inlet water temperature 
outlet water temperature 
overall heat conductance 
vapor quality 
( JooS( J001 ( )009 Lockhart-Martinelli parameter,~: ~: 1: x 
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Figure 1 - Schematic of the condensation test apparatus 
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Figure 2 - Schematic of the test-condenser 
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Figure 3 - Flow regime map on G-x coordinates for R -134a at Tsat=35 DC 
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Figure 4 - Variation of heat transfer coefficient with mass flux for R-134a at Tsat=35 DC 
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Figure 5 - Variation of annular flow heat transfer coefficients with quality for R-134a and 
R-12 at Tsat=35°C 
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Figure 6 - Variation of wavy flow heat transfer coefficients with quality for R-134a and R-
12 at Tsat=35 °C, 0=75 kg/m2-s 
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Figure 7 - Effect of saturation temperature on heat transfer coefficient 
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Figure 8 - Comparison of proposed wavy flow correlation with data for R-134a and R-12 
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